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I. INTRODUCTION. 
The  different  physical properties of proteins, such  as  osmotic 
pressure, swelling,  and viscosity,  vary in a similar  way under the 
influence  of changes in the concentration  of hydrogen ions  or under 
the influence  of  neutral  salts  or  under the  influence  of the valency of 
the ion in combination ~th  the protein.  This fact suggests that 
the variations  of these  three  physical  properties  may have a common 
cause,  so that  if  this  cause were known for  one of these  properties  it 
would, perhaps,  be known  for aH of them.  The clues  tentatively 
suggested have thus far  either  proved wrong or  inaccessible  to quan- 
titative  tests. 
In the last paper  1 the writer showed that a  measurable potential 
difference is found when we separate a protein solution from a watery 
solution  (free  from protein)  by a  collodion  membrane.  When  the 
protein in  solution is  a  protein-acid salt  (e.g.,  gelatin chloride)  the 
protein solution is positive and the water is negative; when the pro- 
tein exists in the form of a  metal proteinate the protein solution is 
negative and the watery solution positive.  The turning point seems 
to lie at  the isoelectric point.  Quantitative measurements of these 
P.D. between gelatin  chloride solutions and the outside watery solu- 
tion with which the gelatin chloride solution was in osmotic equilib- 
rium  revealed the  fact  that  these potential  differences varied in  a 
similar way as  the  osmotic pressure,  the  swelling,  or  the  viscosity 
*  Loeb, ]., f. Gen. Physiol.,  1920-21, iii, 557. 
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when a  neutral  salt was added or when the hydrogen ion concentra- 
tion was altered or when the valency of the ion in combination with 
the protein changed.  This in itself would have meant only the addi- 
tion  of another  property  varying in  the  same  characteristic  way as 
osmotic pressure, swelling, or viscosity if it had not been for the fact 
that it was possible to  correlate  the origin of this new property with 
Donnan's membrane equilibrium.  Donnan's membrane equilibrium s 
is established when a membrane separates two solutions of electrolytes 
one  of which has one ion  for which  the membrane  is impermeable, 
while all the other ions  can diffuse through the membrane.  It is not 
necessary that this non-diffusible ion should be a colloid, it may just as 
well be a  crystalloid;  all that  is required is that  it be impossible for 
this ion to diffuse through the membrane.  The protein ions generally 
satisfy this  condition  and  a  collodion  membrane  properly prepared 
is a  membrane impermeable to a  protein ion. 
When equilibrium  is established in such a  system the distribution 
of the ions is not the same on both sides of the membrane and from 
thermodynamic considerations Donnan was able to develop the equa- 
tions  for the relative  concentration  of the different ions on opposite 
sides  of  the  membrane  at  equilibrium.  When  a  collodion  bag 
filled with a 1 per cent gelatifi chloride solution is dipped into a beaker 
containing  a  solution  of HCI  (without  gelatin)  of  the  same  pH  as 
that  of  the  gelatin  solution,  the  concentration  of  the  hydrochloric 
acid becomes greater  outside  than  inside  the  gelatin  solution.  The 
Donnan  equilibrium  demands  that  free  acid  be  expelled  from  the 
gelatin  solution  into  the  outside  solution  and  this  actually  occurs.  8 
Procte# has proposed an osmotic theory of the swelling of gelatin 
chloride  on  the  assumption  that  the  swelling  is  a  purely  osmotic 
phenomenon.  He deduces from  Donnan's  theory that  at  the point 
2 Donnan, F. G., Z. Elektrochem.,  1911, xvii, 572.  Donnan, F. G., and Harris, 
A.  B., J.  Chem. Soc.,  1911, xcix, 1554.  Donnan,  F. G., and  Garner, W. E., J. 
Chem. Soc.,  1919, cxv, 1313. 
This is possible on account of the fact that a gelatin chloride solution always 
contains free HC1 and that there seems to be a chemical equilibrium inside the 
gelatin chloride solution between the free HC1, the gelatin chloride, and the non- 
ionogenic gelatin. 
4 Procter, H. R., J. Chem. Soc.,  1914, cv, 313.  Procter, H. R., and Wilson, J. 
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of equilibrium the relative distribution of HC1 inside and outside the 
solid block of gelatin chloride is determined by the following equation: 
x2 =  y  (y +  z) 
where x  is the concentration of H  ions (and of C1 ions) outside the 
gelatin, y  the concentration of the H  (and C1)  ions of the free HC1 
inside the gelatin, and z the concentration of the C1 ions in combina- 
tion  with  the  gelatin  ions.  Since  all  quantities  are  positive,  it 
follows that  x  must be  greater  than  y;  i.e.,  the  concentration  of 
free HC1  in  the outside solution must be  greater  than  in  the gel. 
The writer has shown that exactly the same happens when we sepa- 
rate  a  solution of gelatin chloride  from pure water  by a  collodion 
membrane. 
This difference in the concentration of acid on the two sides of the 
membrane leads to a difference in P.D. at the boundary of the mem- 
brane3 
This  can  be  proved by  the  fact  that  it  is  possible  to  calculate 
the P.D. of the system 
outside solution  inside solution 
--  (free from gelatin)  collodion  (gelatin chloride)  + 
membrane  concentrated HCI  dilute HCI 
with a  fair degree of accuracy on the basis of Nernst's  well  known 
logarithmic formula from  the  difference of  the  hydrogen ion  con- 
centration on the opposite sides of the membrane.  On the basis of 
Nernst's  formula for concentration cells the P.D. is at a temperature 
of 24°C. 0.059 log C1  --,  where C1 is the concentration of hydrogen ions 
C~ 
inside the gelatin  solution and  C~  the  hydrogen ion  concentration 
outside  the  gelatin  solution.  Hence  we  may  substitute  the  value 
C1  (The term pH  pH  inside minus pH  outside  for  the value log ~. 
inside means the pH in the gelatin solution and the term pI-I outside 
means the pH in the outside solution with which the gelatin solution 
is in equilibrium.)  This paper intends to show that if we multiply 
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the value of pH inside minus pH outside by 59 we can calculate with 
a fair degree of accuracy the P.B. observed at 24°C. in millivolts when 
equilibrium  between  the  gelatin  chloride  solution  and  the  outside 
solution  is  established. 
II.  M.ETIIODS. 
The potential differences were determined with the aid of a  Comp- 
ton electrometer giving a  deviation of about 2 ram.  on the scale for 
1  millivolt  at  a  distance  of  about  2  m.  The  gelatin  solution  was 
inside the collodion bag closed with a  rubber stopper  through  which 
a  funnel was introduced; the funnel was filled high enough with liquid 
to  permit  the  electrode  to  dip  into  the  gelatin  solution.  The  col- 
lodion  bag  containing  the  solution  of gelatin-acid  salt  (e.g.,  gelatin 
chloride)  dipped into  the water with which  the gelatin  solution was 
in  equilibrium.  The  water,  therefore,  contained  always  free  acid 
and in certain  experiments  also salt solution when the nature  of the 
.experiment  demanded  this.  The  second  electrode  was  introduced 
.into this outside watery solution.  Calomel electrodes with saturated 
KC1 solution were used and the saturated KC1 solutions were brought 
into  contact  with  the  outside  and  inside  solutions  through  glass 
tubes.  The  ends  of  these  tubes  which  dipped  into  the  inside  and 
outside solutions were drawn out into capillaries and bent upwards to 
prevent  the  influence  of  gravity  on  the  diffusion  of  the  saturated 
I~C1 solution into the inside and outside solutions.  The only poten- 
tial  differences  existing  in  this  system  were  those  on  the  opposite 
sides  of the  membrane. 
HI.  The Influence of Neutral Salts on the Potential Difference between 
Gelatin  Chloride  Solutions  and  Outside  Solutions. 
1 gin.  of isoelectric gelatin was made into a  1 per cent solution by 
~either dissolving it in I-I,O or in a solution of NaC1 differing in molec- 
ular  concentration  from  •/4,096  to  1  ~.  To  every  solution  so 
:much HC1 was added that the pH of the solution was 3.5.  Collodion 
bags of a  volume of about 50 cc. were filled with this solution,  each 
collodion  bag  being  connected  with  a glass tube serving as manom- 
.eter,  as  described  in  preceding  publications.  These  collodion  bags ~'ACQD'E  S  LOEB  671~ 
were dipped  into  beakers  containing  350  cc.  of HC1 solution of pI-I 
3.0.  The HCI solutions in the beakers were made up in NaC1 solu- 
tions  of different  concentrations  and  the  concentration  of the NaC1 
solution in the beaker was at the beginning of the experiment always 
identical  with the concentration  of the NaC1 in the gelatin  solution 
inside  the  collodion bag.  The  final measurements  were made  after 
18 hours when the osmotic and the membrane equilibria were estab- 
lished.  The  osmotic  pressure  was  a  maximum  (about  425  ram. 
water) in the gelatin chloride solution free from salt, and the osmotic 
pressure was the lower the higher the concentration of the salt added. 
This effect is represented in the upper curve of Fig. 1.  The abscissae 
are  the  concentration  of  the  NaC1  solution  and  the  ordinates  the 
osmotic pressure.  The curve shows that  the osmotic pressure drops 
very rapidly with the increase  in  the  concentration  of NaCI. 
The potential differences at the boundary of the inside and  outside 
solutions were measured  with  a  Compton  electrometer  as  described 
and  the values  found  are  plotted  on  the  second  upper  curve  in 
Fig.  1.  The  scale  for  the  ordinates  was  selected  in  such a way as 
to  make  the  osmotic  pressure  ordinate  and  the  ordinate  for  the 
P.D.  coincide  for  a  M/4,096  NaC1  solution.  The  reader  will  notice 
that the two curves for osmotic pressure and P.D. coincide practically 
throughout which signifies that  the P.D. and  the osmotic pressure of 
the gelatin chloride  solution undergo  a  similar  depression under  the 
influence of a  neutral  salt like NaC1. 
We stated in the last paper that  the observed P.D. is always equal 
to  the P.D. calculated  on the assumption that  at equilibrium the P.D. 
is due to the difference in the pH inside and outside the collodion bag. 
The  pH inside  and outside were measured electrometrically and  the 
results are contained  in Table I. 
On  the  assumption  stated  above  we  can  calculate  the  P.D. in 
millivolts  by multiplying  the  value pH inside minus  pH outside by 
59,  and  the  values so obtained  should  agree with  the  observed P.D. 
Table II shows that this is true. 
The two lower curves of Fig. 1 give the depressing effect of different 
concentrations  of Na2SO4 on the osmotic pressure and on the P.D. of 
a  1 per cent gelatin chloride solution of pH 3.5.  Everything was the 
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sfituted for NaC1.  The two lower curves  in  Fig.  1  show  that  the 
depressing effect of Na~SO4 on the osmotic pressure and the P.D.  of a 
gelatin  chloride  solution  is  very  similar  and,  moreover,  that  the 
depressing effect of Na,SO, on both properties is more than twice (in 
reality nearly eight times)  as great as that of NaCI.  This influence 
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FIG. i. Depressing effect of NaCI and Na2SO4 on osmotic pressure and  P.D. 
of gelatin chloride solutions.  Abscissae represent the concentration of salt solu- 
tion,  ordinates  the  osmotic  pressure  and  p.I). in  millivolts  respectively.  The 
depressing  effect of neutral salts on osmotic pressure and P.D. is similar but not 
identical. JACQUES  LOEB  673 
TABLE  I. 
Influence  of Concentration of NaCl on pH Inside Minus pH Outside at Equilibrium. 
p H inside  .......  "]3 .t  -- 
pH outside ..... [3.09 
I 
1 
pH inside minus  ] 
pH outside... [0.51 
Concentration  of NaC1. 
eq  ~  m  eq  ~  ~  o~  ~  eo  ~  eq  ~11 
•  5513.5213.4613.4113  . 36 3.3113 . 27 3.22[3.3013.3213.3213.2813.19 
I  I  f  I 
.47[0.43]0.35[0.2810.2010.1110.0710.0410.0210.02[0.0210.02[0.  O0 
TABLE  II.  s 
Depressing  Effect of NaCl on P.D. at Equilibrium. 
Molecular concentration  P.D.  P. I). 
of NaCl.  observed,  calculated. 
railli~olts 
0 
~/4,096 
/2,048 
[1,024 
+28.6 
+25.7 
+22.3 
milli~olt$ 
+29.9 
+27.6 
+25.2 
+20.6 
M/512 
,~ /256 
M/128 
,~/64 
M[32 
M/16 
~/8 
~/4 
M/2 
1M 
+17.1 
+ii.4 
+  7.4 
+  4.0 
+  2.3 
+0.6 
0.0 
0.0 
--  1.7 
0.0 
+16.4 
+11.7 
+  6.5 
+4.1 
+  2.3 
+  1.2 
+  1.2 
+  1.2 
+  1.2 
0.0 
6 The sign of the observed P.D. was apparently, but not in reality, the reverse 
of the sign of the calculated P.D.  This was due to the difference in  the  arrange- 
ment of the hydrogen electrodes in both cases.  In the "observed" P.D. the mem- 
brane (serving as a hydrogen electrode) was between the concentrated and dilute 
HC1,  while in the  "calculated"  values  the  r.D.  was  obtained from  the  poten- 
tiometric determinations of the pH.  In this latter case the  two hydrogen elec- 
trodes were separated by a  concentrated and'a dilute solution.  The "observed" 
P.D. was hence between two solutions of different concentrations while in the "cal- 
culated" values we measured the P.D. between  two  electrodes.  In  our  tables 
the apparent (but not real) reversal of sign due to the difference in arrangement 
of the hydrogen electrodes in the two cases is corrected. 674  DONNAN  EQUILIBRIUM  AN'7) MEMBRANE ,POTENTIALS 
of the valency of anion in the case of gelatin-acid salt has been dis- 
cussed  in  preceding  papers.  The  question  now  arises:  Does  the 
value of the difference in the pH inside minus pH outside vary simi- 
larly as  the values of the observed P.D. and  the observed osmotic 
pressure,  and do we get values approximating the observed P.o.  if 
we multiply the  value pH inside minus pH outside by 59?  Table 
III gives the values for pH inside and outside and also the difference, 
pH inside minus pH outside, at the point of equilibrium (i.e., after 18 
hours). 
The values for the r.D.  calculated by multiplying the values for 
pH inside minus pH  outside by 59  agree remarkably weli with the 
observed values for P.D. 
TABLE  III. 
Influence of Concentration of Na~SO~ on pH Inside Minus pH Outside at Equlibrium. 
pH inside  ................ 
pH outside .............. 
3.54 
3.071 
pH inside minus pH out- 
outside  ................  0.47! 
Concentration  of Na~SOd. 
~o 
3.41 
3.12 
0.29 
3.35 3.32 
3.14 3.17 
0.21 0.15 
u~ 
3.29 
3.20 
0.09 
3.3{] 3.33 3.38 
3.24 3.30 3.35 
0.06  3.03 0.03 
3.41  3.41 3.37 
3.38  3.38 3.36 
0.03  3.03 0.01 
3.29 
3.28 
0.01 
We will consider as a third case the influence of a salt of the type 
CaC1, on the osmotic pressure and the P.D. of a  gelatin chloride solu- 
tion.  It had been shown in a preceding paper that the depressing 
effect of CaC12 is always about twice as great as that of an equimolec- 
ular concentration of NaC1 and that hence the whole effect of CaC1, 
is due exclusively to  the C1 ion.  Fig.  2 shows  that the depressing 
effects of CaCI~ on the osmotic pressure and the I'.D. run closely paral- 
lel and that the depressing effect of CaCI~ on P.D. is about the same 
as  that  of a  NaC1 of twice the molecular concentration.  Table V 
gives the influence of CaC12 on the values of pH  inside minus pH 
outside,  and  shows  that  the  agreement between  the  observed and 
the calculated I,.D. is quite close. JACQUES  LOEB  675 
It follows from these experiments, first, that the curves represent- 
ing the influence of neutral  salts  on P.D. are  similar to  the  curves 
representing the influence of the same salts on the osmotic pressure of 
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FIe. 2. S~milarity  of depressing effect  of CaCl, on osmotic pressure and P.D. 
of  gelatin  chloride  solution. 
the same  gelatin  chloride solutions;  and  second,  that  the P.D. cal- 
culated  by multiplying  the  values  of pH inside minus  pH outside 
by 59 agrees quite closely with the observed P.D. 676  DONNAN  EQUILIBRIUM  AND  MEMBRANE  POTENTIALS 
TABLE  IV. 
Depressing Effect of Na~S04 on P.D. at Equilibrium. 
Molecular concentration  P.D.  P.D. 
of Na2SO4.  observed,  calculated. 
0 
M/4,096 
M  12,048 
11,024 
millivoUs 
+26.5 
+18.6 
+12.5 
+  8.4 
milllvolts 
+27.6 
+17.0 
+12.3 
+  8.8 
K/512 
M/256 
M/128 
"/64 
/32 
M]16 
,,/8 
M/4 
+4.7 
+  3.4 
+  1.5 
0.0 
0.0 
0.0 
0.0 
0.0 
+  5.3 
+  3.5 
+  1.7 
+1.7 
+  1.7 
+  1.7 
+  0.6 
+  0.6 
TABLE  V. 
Influence of Concentration of CaCl, on pH Inside Minus pH Outside and on P.D. 
at Equilibrium. 
Concentration of CaCh. 
pH inside  .... 
pH outside... 
pH inside mi- 
nus pH out- 
side ....... 
P.D. calculated 
(millivolts).. 
P.D.  observed 
(millivolts). 
3.55 
3.05 
0.50 
+29.5 
+28.6 
3.45  3.41  3.36 
3.06  3.09  3.12 
0.39  0.32  0.24 
+23.13 
+23.4 
3.30  3.28 
3.15  3.17 
0.15  0.11 
+18.9 +14.1 +8.8 +6.5 
+19.2 +14.5 +9.1 +5.7 
3.26  3.25  3.25  3.25 
3.20!  3.22  3.24  3.24 
0.06  0.03  0.01  0.01 
oo 
3.22 
3.22 
0.0 
+3.5  +1.8+0.6+0.6  0.(1 
+3.1  +1.8 +1.1 +0.5 +0.5 
IV.  Influence  of  Neutral  Salts  on  the  Potential  Differences  between 
Solid  Gelatin  and  Outside  Solution. 
It  is  well  known  that  the  addition  of  neutral  salt  depresses  the 
swelling  of  solid  gelatin  chloride  or  of  any  gel  with  a  pH  different 
from  that  of the isoelectric point.  This is intelligible on the basis of JACQUES LOEB  677 
Procter's osmotic theory of swelling which assumes that the swelling 
of a gel is due to the osmotic pressure inside the gel, the surface of the 
gel acting as a membrane impermeable to gelatin ions but permeable 
to  the H  or C1 or salt ions.  On this  assumption we should expect 
the establishment of a Donnan equilibrium between the liquid inside 
the gel and the outside liquid, and Procter has proved that this is the 
case.  We should also expect a ~.o. at the surface of the gel between 
the solution inside and outside the gel, due to the Donnan equilib- 
rium, and we should, moreover, expect that the P.D. could be calculated 
from the value of pH inside minus pH outside as described for the 
experiments  on  osmotic  pressure.  This  expectation  is  confirmed 
except that the results are liable to be less regular than in the case of 
the  osmotic  pressure  experiments.  This  is  probably  due  to  acci- 
dental errors, one being possibly that some of the gel dissolves in the 
outside solution so  that  the outside solution is  no longer free from 
gelatin.  Such  an  error does  not  exist  when we  separate  a  gelatin 
solution from the outside solution by a collodion membrane. 
Our method was as follows.  1 gin. of powdered gelatin of pI-I 7.0 
was brought to the isoelectric point by treatment with •/128  acetic 
acid and subsequent washing with cold H20 as described in previous 
papers.  The doses of powdered wet isoelectric gelatin were then put 
into  200  cc.  of M/128  HCI  made up  in  different concentrations of 
NaC1  varying from 0 to M/8, and the degree of swelling was measured 
in terms of the height of a column of the powdered gelatin in 100 cc. 
graduates after equilibrium was established (after two hours).  From 
this the volume of the isoelectric gelatin was deducted.  Fig. 3 shows 
that  the swelling diminished with the quantity of salt added.  The 
mass was put  on a  filter and  allowed to  drain  thus  separating  the 
gelatin  from  the  supernatant  liquid.  The gelatin was  then melted 
and  its  pH  determined  electrometrically.  This  gave  us  the  pI-I 
inside, and by determining the pH of the outside solution the values 
of  the  pI-I  inside  minus  pH  outside  were  ascertained.  The  liquid 
gelatin was  then poured into  cylinders with  a  small bent  side  tube 
attached, which was  also  filled with  gelatin.  The gelatin was ~then 
cooled and allowed to set to a jelly.  The P.D. between the solid jelly 
and  the outside solution was  then determined by pushing  one elec- 
trode into  the gel while the other electrode was introduced into  the 678  DOiN'IqAN  EQUILIBRIUM" AND M.EMBRA/WE POTENTIALS 
beaker  containing  the  outside  solution.  The  latter  solution  was 
brought  into  contact  with  the  gelatin  in  the side tube,  the latter 
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FIo.  3.  Similarity of depressing effect of NaC1 on swelling and  P.D. of solid 
gelatin chloride. 
dipping into the beaker.  Table VI gives a comparison of the observed 
P.D. and those calculated by multiplying  the values pH inside minus 
pH outside by 59.  The  agreement is satisfactory. JACQUES LOEB  679 
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The same experiment was repeated with Na2S04 as a salt instead of 
with NaC1.  A  comparison  of Fig.  4  with  Fig.  3  shows that  Na~SO, 
depresses the swelling of gelatin  chloride more powerfully than NaC1 
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FIG. 4.  Similarity of depressing effect of Na2SO, on swelling and P.D. of solid 
gelatin chloride. 
and  that  it depresses also  the  P.D. more powerfully than  is  done by 
NaC1.  Table VII gives the pH inside minus pH outside, and a  com- 
parison  of  the  P.D. calculated  and  observed.  The  agreement  is 
again  satisfactory. JACQUES LOEB  681 
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We therefore come to the conclusion that the depressing influence 
of the neutral salts on the P.D. between solid gelatin and a  surround- 
ing aqueous solution runs parallel to the depressing effect of the same 
salts  on  the  swelling of  gelatin  and  that  the  P.D. can  be  calculated 
with  the  aid of  Nernst's  formula,  on  the  assumption  that  the  dif- 
ference  in  the  hydrogen ion  concentration inside the  gel  and  in  the 
outside solution determines the P.D. 
V.  The Influence of the Hydrogen Ion Concentration  of Gelatin Solutions 
on  the  P.D. 
The osmotic pressure of 1 per cent solutions of originally isoelectric 
gelatin varies with the pit of the gelatin solution and with the valency 
of  the  ion  in  combination  with  the  gelatin.  This  is  illustrated in 
Fig.  5  where the ordinates  represent the observed osmotic pressures 
of 1 per cent solutions of gelatin chloride, gelatin phosphate, gelatin 
oxalate,  and  gelatin  sulfate.  The  osmotic pressure  rises  steeply  as 
soon as the pH becomes less than 4.7, reaching a maximum at pH of 
about 3.6, and then drops steeply with a further decline of pH.  More- 
over, it is obvious that the curves for gelatin chloride and phosphate, 
both possessing a  monovalent anion, are identical, that the curve for 
gelatin  oxalate,  which  has  mainly  a  monovalent  anion  at  the  pH 
under discussion, is almost but not quite as high as that for gelatin 
chloride, but that the curve for gelatin sulfate  (possessing a  bivalent 
anion)  is only about half as high as  that  for gelatin  chloride.  The 
P.D. of 1 per cent solutions of these four salts  contained in collodion 
bags were measured against  outside aqueous solutions (without gela- 
tin)  after equilibrium was  reached  (i.e.  after about  18  hours).  The 
bags  contained about 40  cc.  of the gelatin solution while the beaker 
contained 350  cc. H,O  with so much acid  that the pH  of the water 
was  at  the  beginning  of  the  experiment  always  identical  with  the 
pH of the gelatin solution; and for the outside solution the same acid 
was used as for the gelatin solution.  Fig. 6 gives the curves for the 
value of the P.D. observed.  The following points of similarity between 
the two sets of curves for osmotic pressure  (Fig. 5)  and P.D. (Fig. 6) 
are  noticeable.  Both  sets  of  curves  rise  from  the  isoelectric  point 
with  a  lowering of the pH  until they reach  a  maximum; this maxi- JACQTY~S  LOEB  683 
mum is,  however, not identical.  For 1,.D. it varies between 3.6 and 
4.0,  while for osmotic pressure it lies near  3.63  With  a  further  fall 
in pH both sets of curves show approximately the same steep drop. 
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FIG.  5. Influence  of  pH and valency of  anion on osmotic pressure  of  solutions 
of different gelatin-acid salts. 
The  second  point  of  similarity  is  the  influence  of  valency.  The 
curves for P.D. (Fig.  6)  are practically  the  same for gelatin  chloride 
and gelatin phosphate, while the curve for 1,.9. is  considerably  lower 
in the case of gelatin sulfate. 
It may be stated incidentally that the maximum for the viscosity of gelatin 
solution also lies at a different pH, namely 3.0, from the maximum for osmotic 
pressure, which lies at pH 3.6. 684  DONNAN  EQUILIBRIUM  AND  MEMBRANE POTENTIALS 
These experiments offer an excellent opportunity to test our theory 
that  the P.D. can be calculated with  a  fair  degree  of accuracy from 
the  values  of pH inside minus  pH  outside  on the  basis  of Nernst's 
formula.  Tables VIII, IX, and X  show that this is true.  The upper 
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FIG. 6.  Influence of pH and valency of anion on P.D.  of solutions of different 
gelatin-acid salts.  The curves in Fig. 6 are similar to  (but not identical with) 
those in  Fig. 5. 
two horizontal  rows give the pH inside  and  outside,  the  third  hori- 
zontal row gives the difference pH inside minus pI-I  outside,  and  the 
fourth  row gives the P.D. calculated in millivolts  by multiplying  the 
values pH inside minus pH outside by 59.  The last horizontal  row .]'ACQUE  S  LOEB  685 
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gives  the  observed  P.D. in  millivolts.  The  agreement  between 
observed and  calculated P.D. is sufficiently close. 
VI.  Hydrogen Ion  and  Chlorine Ion  Potentials. 
The equation for the equilibrium condition between gelatin chloride 
solution and water is as stated above, 
= y (y +  z) 
where x is the concentration of H  and CI ions in the outside solution, 
y  the concentration  of the H  and  C1 ions of the free HC1 inside  the 
gelatin  chloride solution,  and z  the concentration  of the C1 ions held 
by the gelatin. 
If we write this equation in the form 
y_=  x 
x  y+z 
Y- is the ratio of hydrogen ion concentration inside over the hydrogen 
x 
ion concentration outside; and  x  is the ratio of the concentration 
y+z 
of  the  chlorine  solution  outside  over  the  chlorine  solution  inside. 
Since 
log ~y -- pH inside minus pH outside 
x 
and 
log  ~  -- pCI outside  minus pCl inside 
it follows that 
pH inside minus pH outside -- pCl outside  minus pC1 inside 
It was easy to put this  consequence of Donnan's  theory to a  test 
and some of the experiments described in the preceding chapter were 
selected for this purpose.  Inside the collodion bag was a  1 per cent 
solution  of  gelatin  chloride  of  different  pH,  outside  water.  After 
18  hours  equilibrium  was  established  between  inside  and  outside 
solutions and  the pH  as well as the pC1 were ascertained.  The pCl 688  DONNAN  EQUILIBRIUM AND  MEMBRANE POTENTIALS 
was determined in two different ways in the two experiments; in one 
experiment  it  was  determined  with  the  potentiometer,  in  the  other 
it  was  determined  in  the  gelatin  chloride  solution  by titration  with 
Na0H  according  to  the  method  described  in  a  preceding  paper. 8 
Both methods of determining the pCl led to the result that the values 
pC1 outside minus pC1 inside were for the same solution at the point 
of equilibrium equal to the value pH inside minus pH outside (within 
the  limits  of  accuracy  of  the  experiments).  The  pC1  outside was 
identical  with  the  pH  outside,  since  the  outside  solution  contained 
only  free  HC1.  The  values  of  pH  were  all  determined  potentio- 
metrically. 
TABLE XI. 
Experiment L  pC1 determined by titration. 
PH °f gelatin chl°ride s°luti°n at ]  ]  I  t  I  ]  ]  I  J 
equilibrium  .....................  [4.13  [3.69[3.30  [3.1012.9212.78]2.46[2.2612,0111.76 
pH inside minus pH outside  ........ 0.56 0.5810.5010.4910.4410.4410.3310.2310.1510.10 
pC1 outside minus pC1 inside  ........ 0.48 0.51 0.59 0.44 0.44 0.38 0.35 0.22 0.15 0.11 
Experiment 2.  pC1 determined electrometrically. 
pH of gelatin chloride solution at  "  ]  I  [  ]  I 
equilibrium  ....... .............. ]4.0413.9213.7813.61  [3.4613.1612.73  ]2.36[2.04}1.73 
pH inside minus pH outside  ........  0.6010.62]0.66  0.55[0.50[0.43[0.30/0.20 0.12 0.07 
pC1 outside  minus pC1 inside  ........  0.55 0.60 0.57 0.50 0.53 0.38 0.32 0.17 0.12 0.07 
Nernst's formula leads therefore to the same theoretical P.D. regard- 
less  of  the  fact  whether  we  calculate  the  P.D. on  the  basis  of  the 
difference  pH  inside  minus  pH  outside  or  pC1  outside  minus  pC1 
inside.  It  is  also  obvious  that  both  assumptions  lead  to  the same 
sign  of  charge  of  the  gelatin  chloride  solution.  If  we  assume that 
the 1,.9. is determined  by differences in the hydrogen ion concentra- 
tion  the  outside  solution  is  concentrated  and  the  inside  solution 
dilute; if the p.D. is determined by differences in the concentration of 
the  C1 ions  the inside solution is  concentrated  and  the outside solu- 
tion dilute.  Since the common ion is positive in the former and nega- 
tive in  the latter  case,  the gelatin  solution becomes positive in both 
cases. 
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outside solution,  inside solution. 
-  H +  concentrated  membrane  H +  dilute + 
-- Cl- dilute  CI-concentrated  + 
The facts  of this  last  chapter prove beyond doubt that the cqua- 
tion  x  s =  y (y +  z) is the correct  expression  for the Donnan mem- 
brane equilibrium between acid-salts  of proteins  with monovalent 
anion and water.  The close  analogy between the variation  of the 
membrane potentials  and the other  osmotic properties  of solutions 
of  protein-acid  salts,  such  as  osmotic  pressure,  viscosity,  and swelling, 
suggests  that  an attempt be made to derive  the variations  of these 
latter  properties  directly  from thc equation for the Donnan equilib- 
rium.  This has already  been  done by Procter  for the swelling  of 
gelatin  chloride. 
SUMMARY. 
1.  It is shown that a neutral salt depresses the potential difference 
which exists  at  the point  of equilibrium between a  gelatin  chloride 
solution  contained in  a  collodion bag  and  an  outside aqueous solu- 
tion  (without  gelatin).  The  depressing  effect of  a  neutral  salt  on 
the P.D. is  similar  to  the depression  of  the  osmotic pressure  of  the 
gelatin chloride solution by the same salt. 
2.  It is  shown that  this  depression of the p.I). by the salt  can be 
calculated with  a  fair  degree  of  accuracy on  the  basis  of  Nernst's 
logarithmic formula on the assumption that the P.D. which exists at 
the point of equilibrium is due to the difference of the hydrogen ion 
concentration on the opposite sides of the membrane. 
3.  Since  this  difference  of  hydrogen  ion  concentration  on  both 
sides  of  the  membrane  is  due  to  Donnan's membrane  equilibrium 
this latter equilibrium must be  the cause of the P.O. 
4.  A  definite P.D. exists also between a  solid block of gelatin chlo- 
ride and the surrounding aqueous solution at the point of equilibrium 
and this P.D. is depressed in a similar way as the swelling of the gela- 
tin  chloride by  the  addition of neutral salts.  It is  shown that  the 
P.D. can be calculated from the difference in the hydrogen ion concen- 
tration inside and outside the block of gelatin at equilibrium. 690  DONN'AN"  EQUILIBRIIJ3~  AND  MEMBRANE  POTENTIALS 
5.  The influence of the hydrogen ion concentration on the P.D. of 
a  gelatin chloride solution is similar to that of the hydrogen ion con- 
centration on the osmotic pressure, swelling, and viscosity of gelatin 
solutions, and the same is true for the influence of the valency of the 
anion with which the gelatin is in combination.  It is shown that in 
all these cases the P.D. which exists at equilibrium can be calculated 
with  a  fair degree of accuracy from the difference of the pH  inside 
and outside the gelatin solution on the basis of Nernst's logarithmic 
formula  by  assuming  that  the  difference  in  the  concentration  of 
hydrogen ions on both sides of the membrane determines the P.o. 
6.  The  l~.D. which  exists  at  the  boundary  of  a  gelatin  chloride 
solution and water at the point of equilibrium can also be calculated 
with a  fair degree of accuracy by Nernst's logarithmic formula from 
the value pC1 outside minus pC1 inside.  This proves that the equa- 
tion x  ~ =  y  ( y  +  z) is the correct expression for  the Donnan mem- 
brane  equilibrium  when  solutions  of  protein-acid  salts  with  mono- 
valent  anion  are  separated  by  a  collodion  membrane  from  water. 
In this equation x is the concentration of the H  ion (and the mono- 
valent anion) in the water, y  the concentration of the H  ion and the 
monovalent anion of the free acid in  the gelatin solution,  and z  the 
concentration of the anion in combination with the protein. 
7.  The similarity between the variation of  y.I).  and  the  variation 
of  the  osmotic pressure,  swelling,  and  viscosity of gelatin,  and  the 
fact  that  the  Donnan  equilibrium  determines  the  variation in  p.D. 
raise the question whether or not the variations of the osmotic pres- 
sure,  swelling,  and  viscosity  are  also  determined  by  the  Donnan 
equilibrium. 
The  measurements  referred  to  in  this  paper  were  made  by  the 
writer's  technical assistants,  Mr.  M.  Kunitz  and  Mr.  N.  Wuest,  to 
whom the writer wishes to  express his indebtedness. 